Introduction
The purpose of this review is to compare the structural and functional properties of a group of proteins that share the feature of being able to respond to light energy by way of a bound retinoid chromophore. It may be useful, by way of introduction, to place these systems into a wider biological context.
The carotenoids and their bisected relatives, the retinoids, comprise one of several important groups of substances which share an important metabolic ancestor, isopentenyl pyrophosphate. The prenyl moiety of this compound also finds its way into an incredible variety of natural substances ranging from many of the plant-based oils, spices, toxins, rubber and hormones to animal products such as pheromones and steroid hormones. They include the polyprenyl alcohols so important to all living organisms as carriers in the process of glycosylation.
The carotenoid/retinoid group is usually identified with the utilization of light in some way, principally because the former are often responsible for the bright colouration exhibited by plants and animals while the latter play an important role in vision, and both are involved in capture of light energy. In most cases, the biological roles of the carotenoids and retinoids are mediated through proteins to which they bind with varying affinities. Their resonating conjugated double bond structure readily allows the absorption of energy in the 300-400 nm region and part of their biological usefulness lies in the ease with which absorbance maxima can be shifted by association with protein. Two instructive examples of this can be seen in a-crustacyanin and in mammalian vision. In the first case, the blueish pigment of lobster carapace arises from the association of the carotenoid astaxanthin with the protein ac-crustacyanin, which is accompanied by a shift in the absorbance maximum from 470 nm to 632 nm (Zagalski, 1983 ). The reverse process, i.e. dissociation of chromophore and protein, can be dramatically appreciated in conversion of lobsters, on cooking, to their more widely recognized red colouration. In general, the utilization of carotenoids for pigmentation purposes is very common, particularly amongst marine invertebrates (Britton et al., 1982) .
The retinoid, 1 1-cis-retinal, or its dehydro derivative, is the primary chromophore in probably all forms of vision and it is widely accepted that at least part of the mechanism by which colour is perceived lies in a family of proteins, the rhodopsins, whose differing structures confer different absorbance maxima on the retinal-protein complexes.
The ability of these compounds to absorb light energy has also been efficiently commandeered for the purposes of biological generation of chemical energy. Carotenoids are found in large amounts in the photosynthetic membranes of photosynthetic bacteria, algae and plants. Their role is still obscure for, although they combine with proteins in the photosynthetic apparatus with greater or lesser avidity and can undergo shifts in their absorbance maxima, it seems that they are involved less with the core photochemical processes and more with the harvesting of lightand withphotoprotection (for review see SiefermannHarms, 1985) . The characterization of these binding proteins (Cogdell, 1985; Brunisholz et al., 1984) is, however, far short of that for bacteriorhodopsin (bR) , the retinal-protein complex in Halobacterium halobium responsible for the absorption of incident light and, in part, for its conversion into chemical energy.
The specific chromophore we will be concerned with here, retinal, arises by complex metabolic conversions starting, in mammals, by the generation of two molecules of retinol (vitamin A) from carotene. It is important to appreciate that vitamin A and its derivatives also play vital roles in important processes other than vision, e.g. gene regulation, differentiation and reproduction. For all these purposes, there exist enzymes and binding proteins which ensure effective utilization of this hydrophobic effector. Some of their structures are now known in considerable detail and, even though they are not involved in light-capture, they may nevertheless provide important insights for our understanding of the opsins (Newcomer et al., 1984; Sawyer et al., 1985) . It will be even more intriguing to see whether the disparate systems which exhibit spectral shifts and are involved in light capture exhibit similarities in their chromophore-binding sites.
Retinoid proteins of Halobacteria
The discovery of bR as the principle light-utilizing pigment of Halobacteria when growing under conditions of high salt and high light intensity (Oesterhelt & Stoeckenius, 1971 , 1973 has provoked enormous international interest, both in the protein itselfand in this class of organism. Careful work with mutants has now revealed that there are at least a further two retinoidbinding pigments [termed halorhodopsin (hR) and slow or sensory rhodopsin (sR)] in the bacterial membrane. Each possesses distinctive photochemical and functional properties but they all appear to employ the same isomers of retinal linked to the amino group of a lysine side chain via a Schiff's base which, from resonance Raman spectroscopy, is unusual in being protonated (Aton et al., 1977; Terner et al., 1979) .
As well as shifting the absorbance maximum of the chromophore on association with protein, all the light-sensitive systems we are mainly concerned with in Vol. 238
Abbreviations used: bR, bacteriorhodopsin; hR, halorhodopsin, sR, sensory rhodopsin; vR, visual rhodopsin. Stoeckenius et al. (1979) and Stoeckenius & Bogomolni (1982) ]. Intermediate designations are shown in brackets; J,K' and M' have not been unambiguously established. The times shown refer to the particular transitions at room temperature. Subscripts denote the absorbance maxima of the various intermediates. (b) Halorhodopsin (adapted from Oesterhelt et al., 1985) . (c) Slow-(cycling)-rhodopsin (from Spudich (Mathies, 1984; Smith et al., 1985) which the limitation of space does not allow us to describe even in outline. Bacteriorhodopsin (bR) Absorption of light by bR drives the extrusion of hydrogen ions from the cell to generate a proton gradient which can be utilized to fuel active transport and ATP production (Dannon & Stoeckenius, 1974) . Simultaneous measurement of time-resolved absorbance changes and charge movements suggest that up to two protons (or their equivalents, e.g. 2 H3O+) are transported per turn of the cycle (Ort & Parson, 1979; Govinjee et al., 1980; Bogomolni et al., 1980; Renard & Delmelle, 1980) generating a maximum potential difference of about 300 mV with a quantum yield varying between 0.25 and 0.6 depending on the reaction/measurement conditions (Govinjee et al., 1980; Ormos et al., 1983; Goldschmitt et al., 1976 Goldschmitt et al., , 1977 Hurley & Ebrey, 1978; Oesterhelt et al., 1985) . Several mechanisms have been proposed, many involving the proton of the Schiff's base, for the translocation process but they remain very speculative. The kinetics and stoichiometry of the cycle (Fig. la) appear capable of modification by the proton gradient created, termed a back-pressure effect (Westerhoff et al., 1979 , Westerhoff & Dancshazy, 1984 . This form of feedback inhibition is thought to operate via a diversion mechanism whereby bR is shunted through a non-pumping form (Pietrobon et al., 1981) . The branch point is postulated to occur somewhere around the M intermediate, i.e. before the proton is released to the external medium (Drachev et al., 1981; Keszthelyi & Ormos, 1980) . Interestingly, the structural alterations which accompany the generation of the important M intermediate are not so marked as to appear in the 0.7 nm (7A) electron density map. Yet there is considerable kinetic and spectrophotometric evidence that substantial conformational changes occur during the L to M transition (Kuschmitz & Hess, 1982) in which the Schiff's base is deprotonated (Marcus et al., 1977; Bayley et al., 1982; Terner et al., 1979; Hwang et al., 1978) . Altered environments for tyrosine (deprotonation) and tryptophan residues have been particularly implicated (Konishi & Packer, 1977 Kuschmitz & Hess, 1982; Hanamoto et al., 1984) , most attention being directed to Tyr-26 and Tyr-64 whose modification abolished proton transport (Lemke & Oesterhelt, 1981; Lemke et al., 1982) . Although lysine residues are apparently not of critical importance to bR function (Ovchinnikov, 1982) , cross-linking through such sidechains inhibits the photocycle (Konishi et al., 1979) . Peptides corresponding to residues 1-3, 68-72 and 231-248 are also not vital to activity but arginines and carboxylic acids (Ovchinnikov et al., 1982a; Herz & Packer, 1981) appear more important. Asp-1 15, in particular, which reacts with dicyclohexylcarbodi-imide (DCCD) on exposure of protein to light (Renthal et al., 1985) , may be critical to the proton pumping mechanism . Sensible interpretation of these modification experiments, however, must await a highresolution structure. Despite all these changes, it was suggested that little gross movement of the chromophore occurs during the photocycle (Czege et al., 1982) but more recent evidence from modulation excitation spectroscopy suggests significant conformational alterations (Hasselbacher et al., 1986) .
Halorhodopsin (hR)
The second major light-sensitive pigment, hR, is present in wild-type cells in much smaller quantities than bR and does not appear to be aggregated like bR into discrete membrane patches, although it may be oligomeric in detergent. Initially thought to catalyse light-driven sodium extrusion from the cells (MacDonald et al., 1979) , the protein was later identified through studies with membrane vesicles (Schobert & Lanyi, 1982) and reconstituted membranes (Bamberg et al., 1984) , as an inwardly-directed electrogenic chloride pump. This transport system is active, despite the high external salt concentrations, presumably to circumvent the influence of the membrane potential. Its principal physiological role may be to maintain approximate osmotic equilibrium with the environment.
Complete agreement has not yet been reached on all details of the photocycle for hR (Fig. lb) , perhaps because of the discovery of at least one other chloride-binding site on the protein (Schobert et al., 1983; Falke et al., 1984) , whose occupancy may alter the position of some of the spectral intermediates. The quantum yield was estimated as 0.34+0.02 . Unlike bR, transport function is not accompanied by deprotonation of the Schiff's base, although the approach and removal of the translocating Cl-may be equivalent to deprotonation/protonation.
The protein has been purified by a number of groups, yielding Mr values (20000-26000) similar to that of bR (Steiner & Oesterhelt, 1983; Taylor et al., 1983; Ogurusi et al., 1984; Sugiyama and Mukohata, 1984) . Other similarities (but not identities) include the content of a-helix and fl-sheet (Jap & Kong, 1986) , the cleavage profile with Staphylococcus aureus V8 protease (Hegemann et al., 1982) and the structural environment for the retinal moiety as revealed by resonance Raman spectroscopy Alshuth et al., 1985) . Thereafter, differences are more pronounced. There is a lack of immunological cross-reactivity (Hegemann et al., 1982) . The molecule possesses one -SH group thought to be involved with the binding of chloride (Ariki & Lanyi, 1984) and which may be located in the vicinity of the retinal binding site. The amino acid compositions vary and, most critically, protein sequencing suggests that overall homology with bR will be low (D. Oesterhelt, personal communication) . Both of the anion-binding sites and the protonated Schiff's base are relatively accessible from the surface of the membrane. It seems, therefore, that a change in substrate and in catalytic direction has been accompanied by fairly major changes in structure. The helical content and presumably their number appear to be preserved and it will be fascinating to see whether the relative arrangement of the transmembrane segments is also unaltered. Slow or sensory Rhodopsin (sR) The phototaxic responses of halobacteria whereby they are repelled or attracted by light of short (370 nm) and long (> 600 nm) wavelength respectively was first ascribed to bR and later expanded to include hR. Subsequently, mutants lacking both these proteins were still found to exhibit both repellant and attractant responses , suggesting that at least one other photosensitive system was still present. This new system again seemed to make use of a retinoid chromophore, since the response was absent when retinal synthesis was abolished but could be accurately restored by the addition of exogenous retinal (Spudich & Bogomolni, 1984; Ehrlich et al., 1984) . Also, predictable shifts in the absorbance spectra resulted from the introduction of various retinal analogues (Stoeckenius & Bogomolni, 1982 (Dencher, 1983; Hildebrand & Schimz, 1983) . Current work tends to suggest that the same protein is involved in the initial stages of both effects. Confirmation of this hypothesis must await purification and reconstitution of the species responsible, which appears to be present in quantities much less than either bR or hR, perhaps in the region of 5000 copies/cell (Spudich & Bogomolni, 1984) .
A simple model for the integration of the responses into a provisional photocycle has been proposed (Spudich & Bogomolni, 1984) in which the absorption of a second photon at 370 nm by an intermediate in the cycle (sR373) sends the pigment through a different pathway, thereby generating a repellant rather than an attractant response. Because the photocycle is much slower than those for bR and hR (half time of about 0.8 s as against about 10 ms), this new pigment has been called slow-(cycing)-rhodopsin (sR). A more attractive name might be 'sensory rhodopsin' (Spudich & Bogomolni, 1984) , particularly if the system does not share the transport properties of bR and hR. This latter conclusion arises from failure to detect changes in membrane potential when a strain of bacteria containing only sR was illuminated Bogomolni & Spudich, 1982 (Blaurock & Stoeckenius, 1971) . The internal core regions bounded by the three constituent monomers are also occupied by lipid.
It is not at all clear just which factors are responsible for the integrity of the trimeric unit. The ability to dissociate the hexagonal lattice to monomers by dissolution in detergent and to reconstitute as monomers at high lipid/protein rations (Heyn et al., 1975) tends to suggest that interactions within the hydrophobic phase of the bilayer may be at least partly involved. Some measure of support comes from the observations that the hexagonal lattice is reformed when the reconstituted system is taken below the transition temperature of the lipid (Cherry et al., 1978) and that removal of the cytosolic C-terminal 17 residues does not prevent reconstitution into a fully functional trimer (Liao & Khorana, 1984) . It is possible from the model to envisage contact regions involving helices 1 and 7 of one monomer and 4 and 5 of another. Less obvious still are the forces which produce the large crystalline arrays of associated trimers. The unusual composition and arrangement ofthe lipid may provide a clue. Reconstitution experiments suggest that proton pumping can be effected while in the monomeric form, but there is some evidence of cooperativity between the components ofthe trimer (Becher & Cassim, 1977; Korenstein et al., 1979 ; Rehorek & Heyn, 1979 ).
Primary structure. The single chain of bR is composed of 248 residues, more than 70% of which are hydrophobic in nature (Ovchinnikov et al., 1979; Gerber et al., 1979; Khorana et al., 1979) . There are no histidine or cysteine residues in the protein, and the N-terminus was shown to be a pyroglutamyl residue. One of the more noticeable characteristics ofthe protein was the significant clustering of regions of predominantly hydrophilic or hydrophobic residues.
The bacteriorhodopsin gene (Dunn et al., 1981 ) was found to code for an additional 13 amino acids at the N-terminus plus a single extra aspartic acid residue at the C-terminus. There were no intervening sequences, but an unusual feature of the mRNA was that it contained only a few residues at the 5' position, rather different from the normal 25 or so nucleotides in other prokaryotes and more similar to the pattern of short 5' sequences found in human mitochondrial DNA (Montoya et al., 1981) . It was also noted by Dunn et al. (1981) that the 13-residue leader sequence was very different from the classical pattern of N-terminal signal peptides in secreted proteins.
Within the primary structure, the assignment by Bridgen & Walker (1976) of Lys-41 as the retinal attachment site was later corrected to 216 by Bayley et al. (1981) , and , working with more controlled conditions for the reductive fixation of the Schiff's base linkage (Wolber & Stoeckenius, 1984) .
Disposition. Even before the complete primary structure had been determined, the general disposition of the protein within the membrane had been fairly well established. The pioneering work of Henderson & Unwin (1975) combined electron diffraction and low-dose electron microscopy to establish the basic architecture of the molecule in its native trigonal form. The low resolution (0.7 nm, 7A) structure consisted of seven membrane-spinning rods running roughly parallel to each other and perpendicular to the plane of the bilayer. The rods were postulated to be a-helices based on consideration of their size, packing density and the suggestion from high angle X-ray diffraction that there were four to seven a-helices per molecule (Henderson, 1975) .
The basic structure was consistent with an i.r. dichroism study on oriented purple membrane films in which blue-shifting of the amide I absorption band was attributed to distortion of the helices (Rothschild & Clark, 1979; Corjito et al., 1982) . A much higher resolution in-plane projection (0.37 nm, 3.7A) obtained by Hayward & Stroud (1981) confirmed the general features of the low resolution map. Correcting for the distortion produced by the limited tilt angles allowed Agard & Stroud (1983) to produce a reconstructed image showing an increase in length of the ac-helical rods from -3.5 nm to -4.5 nm ( 35A to -45A). More importantly, four regions of density connecting the rods on the external surface of the membrane and one connection on the cytoplasmic side emerged.
Further refinement of the structure has come from a second, orthorhombic crystal form of the protein produced by dialysis of detergent-solubilized membranes (Michel et al., 1980; Leifer & Henderson, 1983 Huang et al. (1982) The shaded region represents a hypothetical position for the retinal chromophore, Lys-216 being the Schiff's base attachment point.
two halves were displaced from one another in much the same way in both the trigonal and orthorhombic maps, providing good evidence for a discontinuity in that particular element of secondary structure. In complete contrast, Jap et al. (1983) , using c.d. and i.r. spectroscopy, have suggested a model comprising five a-helices and four strands of fl-sheet.
The arrival of the complete primary structure precipitated more detailed descriptions of the arrangement of the polypeptide in the bilayer based on empirical predictionmethods. Manyhave employed hydrophobicity indices (Ovchinnikov et al., 1979; Kyte & Doolittle, 1982) or hydrophobic moments (Eisenberg, 1984 (Ovchinnikov et al., 1979; Walker et al., 1979; Ovchinnikov, 1982; Huang et al., 1980) or chemical labelling studies with membraneimpermeant probes (Lemke & Oesterhelt, 1981; Renthal, 1981; , using membranes of defined orientation.
In a typical representation (Fig. 2) , the largely helical hydrophobic rods are linked at the aqueous surface by short stretches of chain containing predominantly polar amino acid residues. The C-terminal region probably forms the largest aqueous domain and is considered by Wallace & Henderson (1982a) to be largely disordered. In contrast, Renthal et al. (1983) suggested from their fluorescence studies that the region is immobile and perhaps firmly bound at the membrane surface. Liao & Khorana (1984) concluded from their cleavage and renaturation experiments that the C-terminal 17 residues were not involved in protein enfolding, in trimer formation or in the mechanism of proton translocation. Interestingly, no model could be constructed which avoided placing charged amino acid side chains into the intramembranous domain. Although at first sight such an arrangement would seem to be thermodynamically highly unfavourable, charge pairing within the protein may stabilize the structure . It may be important that there are nearly three times as many potentially charged residues exposed at the cytoplasmic surface as at the external one.
Establishment ofhelix connectivity has been attempted, partly by elimination of unlikely alternatives on the basis of required lengths for the connecting loops Henderson, 1983) and partly by determining difference diffraction patterns from protein modified at various specified positions (Dumont et al., 1981; Wallace & Henderson, 1982b; Katre et al., 1984) . The most widely accepted arrangement is used in the later model (see Fig.  6 ) but there still remain a few other possibilities (Agard & Stroud, 1982; Trewhella et al., 1983) .
A little progress has also been made in defining the intramembranous structure of the protein. Engelman & Zaccai (1980) used difference Fourier techniques to assess the orientation of deuterated valine and phenylalanine residues in projections of the purple membrane structure. If the data is coalesced with the distribution of these residues around pure a-helical models of the transmembrane segments, the positions of other side chains could be tentatively assigned. Their conclusion was that polar groups of the molecule tended to lie within the interior of the molecule while the more nonpolar residues were directed towards the lipid phase. More recently Brunner et al. (1985) used a photosensitive hydrophobic carbene-generating reagent to label specifically amino acid side-chains exposed to the lipid milieu of the membrane. Within one potential transmembrane segment (residues 84-99 in the sequence) they were able to identify eight residues labelled with the probe. Their distribution along the polypeptide chain was entirely consistent with the idea that the segnent formed a helix, only one face of which was accessible to the reagent.
Chromophore binding site. The position of the chromophore has been refined by neutron diffraction difference studies using bR reconstituted with deuterated retinal. These place the fl-ionone ring' of the retinal near the centre of the membrane (King et al., 1979) . The polyene chain is positioned about 23°to the plane of the bilayer as determined from c.d. band splitting and linear dichroism studies on oriented membranes (Heyn et al., 1977; Bogomolni et al., 1980) . The most recent diffraction studies by Jubb et al. (1984) and Seiff et al. (1985) have produced close agreement on the position of the centre of mass of a fully deuterated polyene chain relative to the peptide backbone, although the earlier work of King et al. (1980) had given a somewhat different location. From the predicted position of the retinal attachment lysine, Seiff et al. (1985) were able to assign the retinal site to one of two helical rods. Experiments with retinal containing a deuterated ,J-ionone ring might be expected to resolve the position further.
In order to explain the marked bathochromic shift observed on the binding of retinal to the protein, an experimental and theoretical analysis of the electronic environment of the binding site (Nakanishi et al., 1980) positioned two negative charges (presumed to be carboxylate anions) in close proximity to the Schiff's base and the ,-ionone ring. Bayley et al. (1981) suggested that Asp-212 was positioned sufficiently close on the C-terminal helix to interact with the retinal-binding Lys-216, and so provide the counterion. The work of Renthal et al. (1985) focussed attention on Asp-115, which became available to carbodi-imide on bleaching. The resultant blue-shift in chromophore absorption is consistent with a position for Asp-115 near the cyclohexene ring. The possible involvement of and Glu-194 which were modified by a photoactivated derivative of retinal (Huang et al., 1982) , cannot yet be fully rationalized with the position of retinal as determined by neutron diffraction. The ability of antibodies against the region of protein containing to react with bR in situ tends to suggest that this region is part of an exposed loop. Finally, recent suggestions that there may be a protein-bound positive charge in addition to a negative one in the vicinity of the fl-ionone ring opens an interesting new chapter in our understanding of the chromophore-binding site. If true, the ingenious 'point-charge' model may well have to be modified somewhat. Visual rhodopsins (vR) In terms of biological role, visual rhodopsin appears to bear a greater resemblance to sR than to bR and hR. The link is made more interesting by the discovery of a retinal-binding photosensitive pigment from the unicellular eukaryote Chlamydomonas (Foster et al., 1984) . Introduction of retinal analogues to a 'blind' mutant restored normal photo-behaviour and from the wavelengths of maximum sensitivity obtained, the 'natural' chromophore is probably 1 l-cis-retinal. Similar vitamin A-dependent light-detectors may also exist in species which do not possess a classical visual system, e.g. eyeless mites (Veerman et al., 1983) . Otherwise, rhodopsin is confined exclusively to the eye in all its shapes, sizes and organization states. Whether it be from vertebrate or invertebrate sources, the evidence indicates that these rhodopsins are related in structure and function.
A few broad generalizations can be made. Opsins are present at high concentration in extensive membranous structures, be they the multiple invaginations of the plasma membrane characteristic of cone cells (colour and bright light vision), flattened intracellular vesicles (discs) found in rod cells (dim light vision) or the classical microvilli of invertebrates. Although the proteins vary in size and composition, they all seem to conform to a structural pattern consisting of seven transmembrane segments.
The chromophore is 1 1-cis-retinal or in some cases (e.g. fish) 3-dehydroretinal (Crescitelli, 1981; Levine & MacNichol, 1982) , but the absorbance maxima of the resultant protein complexes vary widely, probably from u.v.-detecting pigments to rod rhodopsin (max. 500 nm).
Intriguingly, some insect systems may bind more than one molecule of the chromophore. Absorption of incident light produces a series of spectral intermediates which have their equivalents in all rhodopsins so far examined (Fig. ld) . The quantum yield is about 0.7.
Functional aspects
The mechanism by which the-absorption of photic energy leads to the activation of the primary photoreceptor cell has provoked much-controversy and excitement. There is general agreement that in vertebrates, this activation process ultimately involves the reduction of sodium conductance across the plasma membrane (Fain & Lisman, 1981) . The resultant hyperpolarization (-30 mV to -60 mV) then spreads along the membrane and into the inner segment of the cell where neurotransmitter release is reduced. The events in invertebrates must differ at least in detail, because on activation the cell membrane depolarizes rather than hyperpolarizes. Since the majority of rhodopsin molecules in rod cells are confined to intracellular discs whose limiting bilayer does not appear to be a continuum with the plasma (Hagins, 1972) , inositol trisphosphate (Fein et al., 1984; Brown et al., 1984) , and cyclic GMP (Sorbi, 1981; Liebman & Pugh, 1982; Miller, 1983) , all of which when introduced into photoreceptor cells can instigate an electrical response showing at least some of the characteristics of visual stimulation. The biochemical evidence strongly implicates cyclic GMP as the principal agent, in cones as well as in rods. Support for the role of calcium at this level is very inconsistent, while its colleague in so many biological phenomena, inositol trisphosphate, has only recently arrived on the visual scene.
In the most widely accepted scheme (Fig. 3) (for reviews see Kuhn, 1984; Schwartz, 1985) the absorption of a photon of light produces isomerization of the chromophore to the all-trans configuration, accompanied by the first of a series of changes which impel opsin into new conformational states. The activated protein, probably at or around the Meta R II stage, is capable of interacting with previously quiescent G-protein (also called GTPase and transducin) peripherally bound to the membrane (Kuhn, 1980; Fung et al., 1981; Kuhn et al., 1981; Bennett, 1982) . Activation of this G-protein is associated with the exchange of bound GDP for GTP on the Ga subunit and with the dissociation of Ga from G/Jy (Fung & Stryer, 1980; Fung et al., 1981; Bennett & Dupont, 1985) and from the membrane. It is very interesting to note that the Ga subunits (Tanabe et al., 1985; Medynski et al., 1985; Lochrie et al., 1985) are homologous in part to the corresponding G-protein subunits which play such an important part in hormonal stimulation of adenylate cyclase. Any differences may in part reflect their different target systems (Gilman, 1984; Schramm & Selinger, 1984; Jurnak, 1985) . The ,i subunits look to be even more similar (Gierschik et al., 1985) but the y subunits appear unrelated (McConnell et al., 1984; Hurley et al., 1984; .
Ga now activates a phosphodiesterase, probably by making off with its y subunit (Hurley & Stryer, 1982) . Strangely, the interaction between Ga and phosphodiesterase is rather weak (Liebman & Pugh, 1982) . The stimulated phosphodiesterase is now thought to catalyse the rapid conversion of cyclic GMP to GMP. At this stage an amplification factor of 105-106 has been achieved, > 102 from R* to G-protein (Fung et al., 1981; Liebman & Pugh, 1981) , and > 103 from phosphodiesterase to GMP (Yee & Liebman, 1978) . Note, however, that one G is capable ofactivating, at most, only one phosphodiesterase. The important point here is that total cyclic GMP levels in photoreceptor outer segments are unusually high, 30-60 /M (Woodruff & Bownds, 1979) and this is thought to be necessary to maintain the active (i.e. open) state of the membrane channel responsible for sodium conductance (Fesenko et al., 1985; Haynes & Yau, 1985) . There is some indication that the cyclic GMP effect on this channel is a co-operative one and that as many as three molecules are capable of binding to the channel protein (Caretta & Cavaggioni, 1983; Fesenko et al., 1985; Koch & Kaupp, 1985) . Certainly the interaction between cyclic GMP and the protein is specific (Koch & Kaupp, 1985; Carretta & Cavaggioni, 1983; Caretta et al., 1985) .
The channel is thought to exist in a two-state mode (open--closed) rather than being subject to fine-tuning (Bodoia & Detwiler, 1985 to be open (mean lifetime of 1-2 ms), a value which is in rough agreement with the patch clamp experiments. At first sight, the channel seems to be operating at well below peak sensitivity but perhaps this is designed for maximal effect. Thus this pathway allows the absorption ofa single photon of light to lead to a reduction in membrane current of about IpA, equivalent to closing 200-300 channels, over a ms time scale (Bodoia & Detwiler, 1985) . Although this cyclic GMP mechanism has much biochemical and physiological evidence to support it, there remain a few untidy ends. The maximum reduction in total cyclic GMP levels detected has been in the 30-40% range, not normally sufficient to provoke such a marked physiological response. Proponents of the theory argue that it is the free and/or local cyclic GMP levels that are the effective elements. Phosphodiesterase, for example, binds cyclic GMP tightly accounting for about 60-70% of the total (Yamasaki et al., 1980) and there may be other sites (Volotovskii et al., 1984) . Alternatively, it is suggested that although total levels do not change, marked increase in degradation and synthesis do occur (Goldberg et al., 1983) . This flux could then be the main constituent of the response, perhaps via changes in the proton concentration, although once again these changes would need to occur at least locally or be compartmentalized.
The efficiency of the visual response lies partly in the speed with which the cell can be reprimed (i.e. the cascade shut down). Critical in this process has to be the deactivation of both G-protein and phosphodiesterase, initiated by dissociation of the putative Ga-phosphodiesterase complex. This step is thought to rely on the intrinsic GTPase activity of Ga (Kuhn, 1980; Wheeler & Bitenski, 1977) which will cleave the bound GTP to GDP and so trigger release of phosphodiesterase-ap4 and recombination of Ga with G/?y and phosphodiesterase ac/ with phosphodiesterase y. So far, it has not been demonstrated that the GTPase activity proceeds with the speed necessary to restore the pre-activated state.
Rhodopsin too needs to be deactivated. While this may occur by the relatively slow transition from meta II to opsin, a mechanism involving phosphorylation has recently been taking shape (Kuhn, 1984) . The conformational changes which follow chromophore isomerization not only generate a G-protein binding site, they also turn rhodopsin into a substrate for a cyclic nucleotide independent kinase. Incorporation of up to 9 mol of phbsphate/mol of bleached bovine rhodopsin has been measured (Wilden & Kuhn, 1982) , although recent results suggest some caution over the highest ratios (Aton, 1986) . Certainly, sequencing work has identified that at least five serine and threonine residues in the C-terminal peptide can be phosphorylated (see Fig. 4 ) . When in this phosphorylated state, the protein can interact with a 48 kDa polypeptide , now identified with S-antigen (Pfister et al., 1985) . This interaction is thought to hinder sterically the approach of G-protein and thereby prevent further activation (Zuckerman et al., 1985) . As a highly tuned biological mechanism for controlling the activity of R*, this system is a little short of compelling, but the 48 kDa protein is a relatively new addition to the visual merry-go-round and may yet have many secrets to reveal. It does not seem to be the phosphatase, however, for the dephosphorylation of rhodopsin occurs via an uncharacterized protein present in the cellular supernatant . The complete removal of phosphate in vitro requires the addition of small amounts ofa specific detergent and may be indicative of some pre-existing conformational state or protein association (48kDa?, G-protein?) which interferes with the action ofthe phosphatase . Until recently, the 48 kDa protein has been thought to be retina-specific, but recent reports of its presence in pinealocytes raises exciting possibilities of a related light-responsive system in this organ . The same may be true for rhodopsin kinase and the Ga subunit (Van Veen et al., 1986) .
The suggestion that light triggers a rhodopsin-catalysed release of stored intradiscal calcium, which in turn inhibits the sodium-conducting channel, has not been reproducibly supported. Indeed, recent experiments demonstrate a light-induced reduction in cytosolic calcium (Yau & Nakatani, 1985; Matthews et al., 1985) . Internal calcium also has no effect on the ability of cyclic GMP to activate sodium channels in the plasma membrane (Fesenko et al., 1985) . There are, however, a number of reports which do indicate calcium movements, either in response to cell activation with light (Schroder & Fain, 1984) or exposure of membrane vesicles to cyclic GMP (Caretta et al., 1979; Caretta & Cavaggioni, 1983) . Again, a facility for the (re)uptake of calcium into discs in the presence of ATP does suggest that a release process may also be present (Puckett et al., 1985) . Some indirect support for a role for calcium has emerged with the demonstration that inositol trisphosphate can provoke a visual-type response in both vertebrates (Waloga & Anderson, 1985) and invertebrates (Fein et al., 1984; Brown et al., 1984) . One possibility is that calcium may be involved in light adaptation, i.e. the ability of the cell to respond to a range of intensities from 1 to 105 photons, but evidence for this has yet to emerge. It is intriguing that decreased calcium markedly raises the intracellular concentration of its supplanter, cyclic GMP (Cohen, 1981) ! A final observation: the G-proteins are emerging as central elements in the transduction of biological stimuli, acting through changes in the levels of cyclic nucleotides, calcium and inositol phosphates. These are all implicated in the visual response and, in the 'final' picture, each will have both independent and inter-dependent roles to play.
The above mechanism pertains to vertebrate systems, but even in invertebrates, an activatable G-protein has been demonstrated (Blumenfeld et al., 1985; Saibil & Michel-Villaz, 1984) . Phosphorylation of Calliphora metarhodopsin has also been observed (Paulsen & Bentrop, 1984) . However, the next step in the cascade remains an enticing enigma: phosphodiesterase, cyclase, protein kinase C? Structure of visual rhodopsin Like bR, visual rhodopsin is present at high concentration in membranes specially adapted to accommodate the protein in an orientation geared to maximize light absorption. Unlike bR, however, vR appears to be monomeric, based on careful cross-linking (Brett & Findlay, 1979; Downer & Cone, 1985) and radiation inactivation (Hughes et al., 1984) studies. Present direct experimental data (Brett & Findlay, 1979; Downer, 1985) do not support the proposals that rhodopsin exists as an oligomer either in the dark or on bleaching (Montal et al., 1977; Fatt, 1981) . This implies that the molecule functions as a monomer and that there is no co-operativity in its behaviour (compare bR), although there is still an indication of ambiguity associated with phosphorylation (e.g. Aton, 1986) . Monomeric vR can undergo rapid rotational (Cone, 1972) and translational motion in vertebrate disc membranes (Liebman & Entine, 1974; Poo & Cone, 1974) , a situation seen only with reconstituted monomeric bR (Cherry et al., 1977a (Cherry et al., ,b, 1978 (Cherry et al., , 1980 , not with the native membrane (Razi Naqui et al., 1973) . It has been suggested that the mobility of rhodopsin is important in order to facilitate collisions with the G-protein. Hence the need for a highly unsaturated, cholesterol-deficient bilayer resistant to diet-induced modification (Futterman et al., 1971 ). This hypothesis is not entirely convincing, however, since one might expect that lateral mobility may be much reduced in the cone and invertebrate photoreceptor membranes. Being plasma membranes, they could well follow the usual pattern of containing much higher levels of cholesterol which could have the effect ofreducing overall fluidity. Another observation which sits uncomfortably with the theory is the report that squid rhodopsin exhibits highly restricted translational movement, consistent with being structurally 'fixed' in the membrane (Goldsmith & Wehner, 1977; Saibil, 1982) .
Other information also points to the importance of a highly specific lipid environment. The electroretinograms from rats fed a diet containing defined lipids was seen to reflect the dietary modifications (Wheeler et al., 1975) .
We were unable to detectany influence onphosphorylation when discs were exposed to substances which normally markedly alter fluidity and transport characteristics (Abu Salah et al., 1982; . But O'Brien et al. (1977) and Baldwin & Hubbell (1985a,b) have both demonstrated that the lipid environment can influence the photocycle of rhodopsin, the most obvious effect being the non-appearance of meta RII. Such a disruption could have major functional consequences. The simplest interpretation is that the lipid environment is affecting the conformational changes undergone by rhodopsin, perhaps by introducing some form of flexibility/barrier restraint. In the presence of high intradiscal levels of calcium, the polyunsaturated lipids may also be required to prevent rigidification of the bilayer (de Grip et al., 1983).
Primary structure. Largely because oftheir accessibility and hydrophilic nature, the sequences of the N-and C-terminal regions of the protein were available at an early stage (Hargrave & Fong, 1977; Hargrave et al., 1980) . Data extending into more extensively hydrophobic regions of the bovine and ovine proteins came next (Pellicone et al., 1980; Findlay et al., 1981; Hargrave et al., 1982) followed by the complete 348-residue bovine (Ovchinnikov et al., 1982b; Hargrave et al., 1983) , and ovine (Brett & Findlay, 1983) rhodopsins. The N-termini of these proteins were blocked and there may be up to 2 mol of esterified palmitate present, but their locations are unknown. The C-terminal third of the equine and porcine proteins have also been elucidated .
Additional information on mammalian systems has come from recombinant DNA techniques (Nathans & Hogness, 1983 ). The bovine 6.4 kb gene consists of a 96 base-pair 5' untranslated region, a 1044 base-pair coding region interrupted by four introns ranging from 117 to 1650 base pairs in size and a surprisingly long (1400 base pair) 3' untranslated region. The organization of the human rhodopsin gene is almost identical, that of the blue cone pigment is similar but the red and green cone pignents have an extra exon (and intron) at the N-terminal region (Nathans et al., 1986) . Work by O'Tousa et al. (1985) and Zuker et al. (1985) has extended visual pigment structure into the invertebrates. The 373-residue Drosophila proteins are clearly opsins, most of the extra structure being added at the N-and C-terminal regions and to the 5-6 cytosolic loop. The Drosophila gene specified a mature mRNA transcript of some 1.7 kb, considerably smaller than the 2.6-2.9 kb mRNA for the bovine protein, but sharing many structural features. Again, the coding region was interrupted by four introns and, although some 2-12 times smaller than those in the bovine gene, three of the four introns were inserted at equivalent positions. Recently the structure of a second Drosophila gene has been published (Cowman ei al., 1986) . Although the 381-residue protein is 67% homologous with the first Drosophila opsin, only one of the intron positions is conserved, and the survivor is not seen in the mammalian gene.
Several modification sites have been located within the vertebrate sequence. Bi-antennary carbohydrate chains are attached on Asn-2 and Asn-15 (Hargrave, 1977) . The retinal attachment site has been identified as Lys-296 Findlay et al., 1981; , and earlier reports of retinal migration to other protein lysyl side chains following bleaching (Rotmans et al., 1974) have been shown to be unlikely . The sites of light-induced phosphorylation (Kuhn & Dryer, 1972; Bownds et al., 1972) have been located to a stretch of Ser and Thr residues between 6 and 15 residues from the C-terminus, (Sale et al., 1978; Hargrave et al., 1980; Wilden & Kuhn, 1982; McDowell et al., 1985; Aton, 1986) . Equivalent sites for retinal attachment and phosphorylation are present in all opsins.
Disposition. There is a wealth of direct experimental evidence available as to the accessibility of various surface residues (Table 1) , derived from known sites of proteolytic attack or reaction with hydrophilic chemical probes using membrane preparations of known orientation.
Other structural information came from low angle X-ray and neutron diffraction studies on membrane preparations, which showed that the protein was transmembrane and that a large proportion of its mass was embedded within the bilayer (Schwartz et al., 1975; Dratz et al., 1979) . C.d. studies indicated a largely a-helical content (50-60%) with little or no f-sheet (Stubbs et al., 1976) . Polarized i.r. spectroscopy (Rothschild et al., 1980) and linear dichroism (Saibil et al., 1978) demonstrated that the helices were arranged roughly perpendicular to the plane of the membrane (within 400 of the normal), all very reminiscent of bR.
All this data can be combined with more empirical prediction methods to give the disposition of the polypeptide chain in the bilayer (Ovchinnikov et al., 1982b; Hargrave et al., 1983) . Compilations of secondary structure prediction methods derived from water-soluble Vol. 238 (1977) , Hargrave (1982) , Ovchinnikov (1982) , Findlay et al. (1981) , , Hargrave (1977) , Hargrave et al. (1980) , Mullen & Akhtar (1983) , Findlay et al. (1984) , , Pellicone et al. (1985b) and Kuhn (1984) .
Residues Accessibility judged by:
Ala-241, Leu-328 Val-337, Tyr-10,  Phe-146, Gln-244 Glu-239, Glu-341, Glu-232, Glu- (Eliopoulos et al., 1982; Pappin et al., 1984) provided additional information on possible distortions in the a-helical intramembraneous segments (Fig. 4) .
Information has also been obtained on the disposition of amino acid residues within the proposed transmembrane regions of the protein. Davison & Findlay (1986 a,b ) used a photoactivated nitrene-generating hydrophobic probe to selectively label 20 nucleophilic side chains exposed to the lipid domain (Fig. 5) . The location of the labelled sites is in good agreement with the disposition of the chain derived from earlier prediction studies. One conclusion that emerged from the distribution of labelled residues was that at least one (the U-terminal helix containing the retinal attachment lysine) and possibly two others (helices 1 and 4) seem to contain significant distortions from a regular a-helix backbone, lending experimental support to earlier predictions (Eliopoulos et al., 1982; Pappin et al., 1984) .
The generally accepted pattern of seven antiparallel transmembrane helices for the vertebrate protein begs direct comparison with bacteriorhodopsin. Although there is no discernible sequence homology, the structural parallels are striking. The two proteins occupy roughly the same cross-sectional areas in the membrane (Corless et al., 1982) . The retinal attachment lysine is located in approximately the same vertical position on the C-terminal transmembrane helix, which in both proteins has been predicted as being structurally distorted (Eliopoulos et al., 1982; Pappin et al., 1984) . Although the 5-6 cytoplasmic loop is much smaller in bacteriorhodopsin, there is an equivalent pattern of alternating positive and negative amino acids (also seen in the Drosophila rhodopsin), giving this section the highest density of charged residues in both structures.
The mass of vR is distributed approximately equally across the bilayer. Almost half of the surface residues are hydrophobic in character, reminiscent of the distribution found for the surfaces of water-soluble globular proteins (Lee & Richards, 1971; Chothia, 1976) .
As in bR, however, there is a significant difference in the total numbers of potentially charged residues on the opposed surfaces. In the ovine model a total of some 26 charged residues (both acidic and basic) could be accessible to the cytosolic surface, with only 13 on the intradiscal side, giving an approximate net charge gradient (cytosolic to intradiscal) of + 5 to -6, similar to other opsins (Hargrave et al., 1984; O'Tousa et al., 1985) . This marked asymmetry may well be a general feature of membrane proteins of this type and might reflect the energetic constraints imposed by the hydrophobic phase on the vectorial insertion of nascent protein structure. Calculation of the entropic gain in burying hydrophobic helical pairs into the bilayer (Engelman & Steitz, 1981) indicates that, once delivered into proximity with the bilayer, rhodopsin could spontaneously insert into the membrane.
Most of the remaining polar amino acids (Ser, Thr, etc.) are also concentrated at the aqueous surfaces, but the distribution between cytoplasmic and intradiscal faces is much more even. Of greater significance is that a few charged residues (notably Asp-83, Glu-122, His-211 and the retinal-binding Lys-296) are probably well within the nonpolar bulk of the protein, over 80% of whose residues are hydrophobic. Interestingly, this is almost exactly the ratio determined for the solvent-inaccessible interiors of water-soluble globular proteins (Chothia, 1976) .
One feature of the transmembrane helices is the tendency for the structural elements to be bounded by negative residues at their N-termini and positive residues at their C-termini. Combined with the observation that three of the four genomic intron sequences mapped immediately distal to transmembrane elements at the surface boundaries, Nathans & Hogness (1983) proposed that this hydrophobic-to-charge pattern might reflect the junctions of 'evolutionary elements' in protein structures of this type. It should be noted, however, that this charge pattern at helix termini is also found in water-soluble proteins (Argos & Palau, 1982) and may simply reflect Shaded squares represent acidic residues, shaded circles basic residues, AC-, CHO-and P-denote the acetylation, glycosylation and phosphorylation sites respectively. The CHO sites are on the intradiscal surface. The structure was predicted using a combination of secondary structure prediction methods derived from water-soluble globular proteins (Eliopoulos et al., 1982) and certain structural features are displayed. The transmembrane helical elements are not completely regular but probably contain dislocations in the helix backbone. The solid lines bound sections that are thought to be a-helix. The broken lines signify regions that are interpreted as distorted helix. Unbounded sections, including the surface loops and some regions of the transmembrane elements, represent regions of more irregular conformation. The C-terminal transmembrane helix may well contain the largest structural dislocation and there is some indication in the experimental work of Davison & Findlay (1986) that the upper and lower sections of helix are rotated with respect to one another. The labelling studies also indicate that helix 2 should be moved further into the bilayer, probably placing His-100 at the intradiscal membrane surface.
the tendency of charged residues to be placed in positions where they can interact favourably with the opposed charge of the helix dipole. The structure of rhodopsin and the location of its functional domains certainly support the concept that structural rather than functional elements are encoded by individual exons (Blake, 1983) . Functional sites The advent of a reasonable structural model and the availability of divergent sequences allow a more meaningful analysis of those regions directly involved in its function. Most attention has been directed to the cytoplasmic surface since it must contain those elements which participate in interactions with the G-protein, the kinase, the 48 kDa protein and the phosphatase. Although shown in most of the proposed models as being largely accessible to the aqueous domain, the C-terminal 30 or so residues are likely to form part of a highly constrained structure. Phosphorylation of the serine and threonine residues only occurs following bleaching (McDowell & Kuhn, 1977) -; Glu-332 is not available to attack by V8 protease in the unbleached ovine pigment, and the two -SH groups of Cys-322 and Cys-323 are not available for alkylation in the native protein (Findlay et al., 1981 . Kuhn et al. (1982) and Pellicone et al. (1985a) also noted an increased susceptibility ofthe region to proteolytic attack following bleaching. There is much structural evidence, therefore, for conformational change producing sites recognized by the various enzymes.
Removal of the C-terminal 12 residues by proteolysis had no effect on the binding of G-protein (Kuhn, 1984) , neither did phosphorylation extensive modification ofcysteines (Hofmann & Reichert, 1985) , all proclaiming the absence of a binding site in this region. In contrast, synthetic peptides corresponding to residues 317-339 blocked GTPase activity induced by activated rhodopsin (Takemoto et al., 1985) . It is not immediately clear why peptides representing the putative binding site should positively inhibit rather than promote activation of G-protein, but the data may indicate that the C-terminal region participates in the wider penumbral interaction site, rather than providing the highly specific target.
This latter region may be found on other loops. Extensive proteolysis that excises sections of the 5-6 interhelical surface structure, destroyed binding activity (Kuhn, 1984) . So too did mild CNBr cleavage that removed much of the C-terminus and cleaved methionine residues in loops 3-4 and 5-6 (Pellicone et al., 1985b) .
On the basis that squid, and by implication Drosophila, rhodopsin can activate bovine G-protein, sequence comparisons between the mammalian and Drosophila sequences should be instructive. Scattered homologies were found in the 1-2, 3-4 and 5-6 cytoplasmic loops and in the C-terminal tail (O'Tousa et al., 1985) , but the 5-6 loop appears to contain an extra 10 or so residues. Although at first sight rather disconcerting, this result could mean that the site is constructed from residues originating in different parts of the primary structure or that, over such a wide evolutionary distance, retention of three-dimensional structure may not be reflected in strict conservation of linear sequence.
The function of the intradiscal/external surface of the protein is quite obscure. The exposed N-terminal region in vertebrate rhodopsin contains the two attached carbohydrate side-chains. The Drosophila protein has one potential glycosylation site and the squid protein also contain carbohydrate. As is often the case, the role of the carbohydrate side-chain is unclear (see the later section on Biosynthesis). Besides the retinal attachment point, the other region showing strong conservation between the Drosophila and vertebrate pigments is in the 4-5 intradiscal loop. The only proposal made so far is that it may provide a calcium binding site, since the region is weakly homologous to an EF hand structure similar to the calcium binding. domains of calmodulin (O'Tousa et al., 1985) .
Although the retinal-attachment lysine has been conserved in all rhodopsins, the next four residues vary in all species, although within a very narrow range of residue type and giving constancy of molecular volume Findlay et al., 1984; Findlay, 1986) . Mutation in such a sensitive site seems strange but may be indicative of the need for a flexible loop/hinge in this region. In general, there appears to be an absolute requirement for a hydroxyl group immediately adjacent to the retinal-binding lysine, followed by a triplet made up of almost any combination of Ser and Ala residues. The next three positions, always occupied by Tyr (301), Asn (302) and Pro (303), may again be of special functional significance. Model building: implications for the chromophore environment Using the intramembranous labelling data of Davison & Findlay (1986a,b) and the structural predictions of Pappin et al. (1984) it is possible to construct a three-dimensional model for rhodopsin based on the low-resolution electron density map of bacteriorhodopsin (R. Henderson, personal communication) and assuming the most favoured connectivity arrangement given in Engelman et al. (1980) . The separate helical elements were first individually rotated so as to maximize the accessibility of those residues shown to be exposed to 1986 G Fig. 6 . Molecular model for ovine rhodopsin Models display the rhodopsin a-carbon backbone (blue) fitted to the low-resolution bacteriorhodopsin map (orange) using the connectivity arrangement of the most favoured model of . (a) Top (cytoplasmic surface) view of the protein. The left-most region of density is the N-terminal transmembrane helix, progressing clockwise round in a circle to the seventh, retinal attachment, C-terminal helix. Distortions and dislocations in some of the helical elements are clear, as is the tilt from the vertical. The retinal molecule (green) is speculatively positioned so as to fit the most recent neutron diffraction data obtained for bacteriorhodopsin (Jubb et al., 1984) . (b) Side view of the model, cytoplasmic surface uppermost. The leftmost helix is the N-terminal helix, progressing circularly clockwise into the background for helices 2, 3 and 4 and moving foreground again for helices 5-7. The disruption of helical structure in the C-terminal retinal attachment helix can be discerned. The bacteriorhodopsin map density (orange) almost perfectly defines the transmembrane core of the vertebrate protein. This highlights one major feature of the rhodopsin model in that structural elements of both the cytoplasmic 3-4 and 5-6 helix-linking regions project well above the membrane surface.
the lipid domain. In the case of the C-terminal retinal-binding domain, the chemical data required that the helical structure be interrupted over five or six residues immediately C-terminal to the retinal-attachment lysine and the upper and lower halves be rotated with respect to one another by approx. 30-40°. This arrangement agreed with previous prediction studies (Eliopoulos et al., 1982) , and reinforced earlier arguments that this region of irregular structure might allow some degree oflocal conformational flexibility in absorbing the structural extension ofthe chromophore on isomerization (Eliopoulos et al., 1982; and/or in transmitting conformational change to other domains of the protein. The first striking feature which emerges from the model (Figs. 6a and 6b ) is the prominence of the cytoplasmic 3-4 and particularly the protease-sensitive 5-6 linking regions, both of which may be involved in interaction with other soluble proteins in the processes of visual transduction. Although still very crude, the model places real constraints on many of the structural characteristics of the protein. For example, all the cysteine residues within the transmembrane core are physically separate and exposed to lipid, strongly suggesting that they are not involved in the structural cohesion of opsin via disulphide bond formation (Sale et al., 1977) . Only one pair (Cys-110 and Cys-185/187) are in close enough proximity to form a single disulphide bridge on the intradiscal surface of the protein. The fact that most of these cysteine residues, with the exception of those putatively involved in the disulphide bond, have been substituted in Drosophila opsin reinforces these interpretations and provides a measure of independent validity for the model.
The retinal molecule can be positioned fairly centrally within the transmembrane core of the protein (Pober et al., 1978; Thomas & Stryer, 1982) inclined some 16-23°t o the plane of the bilayer (Liebman, 1962; Wald et al., 1963) . This places the chromophore in close proximity to all four of the charged residues apparently isolated within the intramembranous domain (Asp-83, Glu-122, His-211, (Oseroff & Callender, 1974 ), but appears to reside in an electrically neutral binding site (Birge et al., 1985) . Calculations by Honig et al. (1979) , based largely on the interaction of opsin with retinal analogues, indicated that the observed spectral properties of the native pigment could be explained by positioning one negative charge some 0.3 nm (3 A) from the protonated Schiff's base (acting as a counterion) and a second negative group a similar distance from carbon atoms 12 and 14 of the chromophore. Alternatively, a single charged group may produce the required effect (Kakitani et al., 1985; Birge et al., 1985 One further prediction is that if Glu-122 and His-211 do interact, charged residues in similar positions in other opsins will never appear singly. Comparison between the various pigments does suggest that counterparts to Asp-83 and Glu-1 13 are conserved (except Asp-83 in blue pigment, which may be significant) and that residues equivalent to Glu-122 and His-211 are either both present (mammalian rhodopsins) or both absent (Drosophila and colour pigments). Interestingly, the Glu three residues from the equivalent Asp-83 in the red and green pigments will be internally oriented.
Of the five tryptophans in the molecule, four can be labelled by the hydrophobic probe. Only one (Trp-126) is positioned internally, close to the putative position of the ionone ring of the chromophore. This coincidence is interesting bearing in mind the experimental data which implicates the close interaction of a tryptophan residue with the chromophore (Rafferty et al., 1980; Chabre & Breton, 1979; Cooper & Hogan, 1976) .
In the absence or reduced influence of the entropic effect on tertiary folding, internal electrostatic interactions may assume particular importance for structural cohesion. As discussed above, the transmembrane core of rhodopsin contains only a small number of polar residues (Ser, Thr, Asn), some of which may be on the surface of the molecule exposed to the lipid with their side chains hydrogen-bonded back to the helix backbone. As a result the interior of the protein cannot be envisaged as possessing an extensive network of interhelical hydrogen bonds. In the absence of other covalent internal interactions (e.g. disulphide bonds), helix-dipole interactions (Hol et al., 1981) may contribute significantly towards the stability of proteins of this type.
Evolutionary inter-relationships
Similarities in gross structural features raise the possibility of an evolutionary relationship between the two groups of proteins. Since there is no obvious sequence homology, any evolutionary connections between the prokaryotic and eukaryotic rhodopsins can only emerge from a comparison of their threedimensional structures -and clearly it will be some considerable time before we will be able to do that! The situation is not helped by the great antiquity of the Archaebacter group to which halobacteria have traditionally been assigned, and further complicated by the interesting proposal to associate halobacteria with the photosynthetic eubacteria to give a new and distinct family called the 'photocytes' (Lake et al., 1985) . The only guesses one can make at this stage, therefore, are firstly that the three proteins from halobacteria are likely to be interrelated, perhaps distantly, and secondly, that there may be no grounds for discriminating between convergent and divergent evolution as regards the relationship between prokaryotic and eukaryotic rhodopsins.
No such uncertainty surrounds the visual rhodopsins. Sequence data from avian and mammalian (G. Medina & J. B. C. Findlay, unpublished work; sources suggest that the vertebrate rod opsins are highly conserved (i.e. maximum variation of less than 10%). Most substitutions appear to be confined to a region adjacent to the retinal-lysine attachment point and to a second section between residues 189 and 199 in the intradiscal 4-5 loop region not yet firmly associated with a defined functional Vol. 238 role. Such other differences as do occur are conservative and distributed throughout the molecule. There is no support from this data for the general supposition that, because hydrophobicity is the only major constraint (leaving aside helix-disrupting amino acids such as proline), frequent interspecies changes should be seen in those residues exposed to the lipid milieu. Instead it could well be that conservation of sequence reflects the importance of the lipid environment for the biological activity of the molecule. It may be relevant in this connection to bear in mind the exceptional composition (50% unsaturated, containing the unusual 22:6 species) and fluidity (liquid crystalline even below 4°C) of the rod disc bilayer (Futterman et al., 1971; Daemen, 1973) . Another factor to consider is the possibility that the folding and integration of the polypeptide in the bilayer may be a highly organized process requiring the participation of other protein(s), some of which may interact with rhodopsin via stretches of sequence which eventually become intramembranous. This phenomenon of hydrophobic conservation is also seen in the skeletal and cardiac calcium-dependent ATPases (MacLennan et al., 1985; Brandl et al., 1986) .
In contrast, the similarities between human rhodopsin and the corresponding blue, red and green colour pigments are much less: identities about 40%, homologies of 75, 43 and 44% respectively (Nathans et al., 1986) .
Moreover, while the red and green pigments are almost identical, they vary from the 'blue' pigment by about 43%. It is striking, and paradoxical, that substitutions are now more prevalent in the intramembranous segments. This may reflect the importance of the surface regions, particularly the intrahelical loops, as interaction sites and perhaps also a different lipid environment for the protein in cone cells.
From this data, one could speculate that the structure of rhodopsin was fixed early in vertebrate evolutionary history but it is less certain that an ancestral cone pigment was also present at that time. The structure of the only invertebrate pigments so far published (Drosophila, about 35% identity with mammalian rhodopsins) does not allow a clear distinction to be drawn as to whether it is more similar to modem day rod or cone proteins. The structures of these retinal-based, sensory pigments from bacteria, Chlamydomonas and the eyeless mites may clarify the evolutionary route. If the primitive eye possessed both classes of pigment then one of these would have been lost by some invertebrates and the emergence of true colour vision would have been a more recent phenomenon. The likelihood that different vertebrates contain different numbers and kinds of cone pigments certainly suggests that this group of genes was more recently active.
Comment has been made on the similarity between rhodopsin and the p-adrenergic receptor in the numbers of transmembrane segments and in the sequence of the three C-terminal helices (Dixon et al., 1986) . While the overall structure may be a fortuitous coincidence (and sole reliance. on hydropathic indices can produce misinterpretation), the C-terminal homology looks real, although its significance in terms of endogenous ligands is obscure. Since both proteins interact with (homologous) G-proteins, a common site is possible. Part of such a site might be provided by the 5-6 loop which in both proteins has the unusual combination of positive and negative amino acids. Another intriguing correlation maybe the role of phosphorylation and G-protein activation seen in both systems. Biosynthesis Gene sequencing (Dunn et al., 1981) and mRNA translation (Dellweg & Sumper, 1980) both indicate that bR possesses a N-terminal leader peptide, albeit one of unique structure. The supposition is that it serves a similar function to the eukaryotic signal peptides of nascent secretory proteins (for review see Sabatini et al., 1982) . Although the leader sequence does not normally appear in the mature protein, failure to carry out this processing event in bR does not seem to impair the structural integrity or functional properties of the protein (Seehra & Khorana, 1984) .
In contrast, similar work with vR indicates that the protein, like many other eukaryotic integral membrane proteins which traverse the bilayer one or several times (Wickner & Lodish, 1985) , does not possess a classical N-terminal signal peptide (Schechter et al., 1979; Nathans & Hogness, 1983) . This raises the possibility that part of the mechanism of membrane integration is different to that for secretion, although some message may be encoded in the protein to guide the nascent polypeptide chain to the bilayer Findlay, 1986) . In the case of vR, such signals may be present in one or more of the transmembrane helices which appear to be recognized by the signal recognition particle (Friedlander & Blobel, 1985) . It is not yet clear exactly which sequence of residues is being recognized, how specific they have to be and how many such sites exist in the protein. Equally cloudy is the mechanism by which integration occurs: are there functional stop and start signals; are those proteins which facilitate the transbilayer movement of secreted polypeptides involved; is there a major role for entropy in the integration process? The opsin family provides an ideal vehicle for such studies, and much important fundamental information should emerge.
Tunicamycin blocks the glycosylation of opsin but synthesis still continues and the protein eventually appears in the plasma membrane of the rod cell (Fliesler et al., 1984; Fliesler & Basinger, 1985) . Dramatically, however, it is not gathered up into the intracellular discs of the outer segment and may ever be released from the cell as microvesicles. The most obvious conclusion is that the carbohydrate side chain is normally recognized in some important packaging event associated with invagination of the plasma membrane to make the disc. It is just as likely, however, that the folding of opsin may have been affected or that important components in the machinery of disc formation may have been disrupted. The disc membrane, it should be remembered, contains proteins, probably in the rim region adjacent to the plasma membrane, which may be important for the integrity of the whole system. Finally, opsin turnover by phagocytosis of the aging tip of the vertebrate rod cell and by concomitant synthesis de novo, may be accelerated by prolonged light exposure (Basinger et al., 1976 ; for review see Papermaster & Schneider, 1982) . In blowfly photoreceptors the amount of rhodopsin is reduced by carotenoid deficiency, to only 4% of normal levels (Paulsen & Schwemer, 1983) and can be rapidly restored again by administration of 1 1-cis-retinal, but not the all-trans isomer. Since there is some evidence that 1 1-cis-retinal may be generated in vivo 3simply by incident light reaching the eye (Bernstein et al., 1985) is it possible that turnover may be linked to levels of the chromophore? In this respect, one is reminded that, in H. halobium, retinal controls the biosynthesis of bR (Sumper & Herrman, 1976) and hR .
